Three lines of evidence indicated that methionine sulfoxide is transported by the high-affinity methionine and glutamine transport systems in Salmonella typhimurium. First, methionine-requiring strains (metE) which have mutations affecting both of these transport systems (metP glnP) were unable to use methionine sulfoxide as a source of methionine. These strains could still grow on L-methionine because they possessed a low-affinity system (or systems) which transported L-methionine but not the sulfoxide. A methionine auxotroph with a defect only in the metP system, which was dependent upon the glnP+ system for the transport of methionine sulfoxide, was inhibited by L-glutamine because glutamine inhibited the transport of the sulfoxide by the glnP+ system. Second, a metE metP glnP strain could be transduced at either the metP or glnP genes to restore its ability to grow on methionine sulfoxide. Third, the transport of ["4C]methionine sulfoxide was inhibited by methionine and by glutamine in the metP+ glnP+ strain. No transport was detected in the metP glnP double-mutant strain.
Three lines of evidence indicated that methionine sulfoxide is transported by the high-affinity methionine and glutamine transport systems in Salmonella typhimurium. First, methionine-requiring strains (metE) which have mutations affecting both of these transport systems (metP glnP) were unable to use methionine sulfoxide as a source of methionine. These strains could still grow on L-methionine because they possessed a low-affinity system (or systems) which transported L-methionine but not the sulfoxide. A methionine auxotroph with a defect only in the metP system, which was dependent upon the glnP+ system for the transport of methionine sulfoxide, was inhibited by L-glutamine because glutamine inhibited the transport of the sulfoxide by the glnP+ system. Second, a metE metP glnP strain could be transduced at either the metP or glnP genes to restore its ability to grow on methionine sulfoxide. Third, the transport of ["4C]methionine sulfoxide was inhibited by methionine and by glutamine in the metP+ glnP+ strain. No transport was detected in the metP glnP double-mutant strain.
Methionine sulfoxide is a source of methionine for methionine auxotrophs in Escherichia coli (7, 8, 12) . A complex enzyme system which brings about the reduction of free methionine sulfoxide has been described in yeast cells (4, 11) and more recently in E. coli (8) . Since methionine sulfoxide cannot be attached to tRNAMet (9) , it seems likely that the sulfoxide is first transported into the cell and is then reduced to methionine before it is incorporated into protein or used as a source of methyl groups.
The methionine sulfoxide-reducing system in yeast cells consisted of three proteins: thioredoxin, thioredoxin reductase, and methionine sulfoxide reductase (11) . The first two proteins served to generate NADPH and were thus nonspecific, whereas the methionine sulfoxide reductase was specific for this substrate. It was originally suggested that the real substrate might be methionine sulfoxide residues in protein (6) . Oxidation of methionine residues in proteins may occur in cells by the action of reagents such as hydrogen peroxide. This reaction has been shown to result in vitro in the loss of biological activity in several proteins, for example, ribosomal protein L12 (6) . Such oxidations may occur in vivo, and the presence of a relatively large amount of methionine sulfoxide in human cataractous lenses proteins has been reported (18). Thus, the ability of cells to maintain methionine in its reduced state may be an important cellular activity.
However, it is now clear that there are two distinct enzymes with methionine sulfoxide reductase activities. One enzyme is specific for methionine sulfoxide residues in proteins (5) , and the other is specific for free methionine sulfoxide (9) . The biological role of the second enzyme is not yet clear.
Little was known about the mechanism of transport of methionine sulfoxide in bacteria, except that sulfoxide was a poor inhibitor of methionine transport (1, 12, 14) . Starting from the observation that methionine sulfoxide supported the growth of methionine auxotrophs in Salmonella typhimurium, I investigated whether the sulfoxide was transported by one of the methionine transport systems or whether it entered the cell by a different route. Methionine itself is transported by at least two systems. First, there is a high-affinity system (apparent Km, about 0.1 ,uM) which has a reduced activity or is missing in metP mutants (1, 2) . Second, there is one system, or possibly two systems, with relatively low affinities for methionine (2) , but mutants defective in these systems have not been isolated.
One selection procedure used to isolate mutants defective in the high-affinity methionine the potent growth inhibitor methionine sulfoximine (1, 3 Growth of cultures. For testing of responses on solid media, bacteria were grown overnight in 0.5 ml of nutrient broth and suspended in 2 ml of 0.85% saline. The suspensions were then streaked onto minimal agar plus the indicated supplements. For experiments with metE strains in supplemented minimal medium, bacteria were grown overnight in 10 ml of minimal medium plus L-methionine at 20 jig ml-', with the glucose concentration reduced to 0.02%. The next morning, glucose was added at 0.4%. and bacteria were grown for 75 min. The cultures were centrifuged and suspended in 2 ml of minimal medium without glucose.
The suspensions were then used to inoculate the experimental flasks. For the transport assays involving metE strains, bacteria were grown in 50 ml of minimal medium plus vitamin B12 at 0.1 ug ml-'. Vitamin B12 was used, since, unlike L-methionine, it does not result in the repression of the metP+ transport system (2; unpublished data). After centrifugation, the cultures were washed with a culture volume of minimal medium plus chloramphenicol at 200 Mg ml-' and resuspended in 5 ml of the same medium. The suspensions were then adjusted to 2 to 4 mg (dry weight) ml-' and kept at 25°C.
Transport assay. The transport assay was performed essentially as previously described (2).
[14C]-methionine sulfoxide with or without unlabeled L-methionine or L-glutamine was incubated for at least 2 min at 25°C. The assay was initiated by the addition of bacteria. Samples were taken at 30 s and filtered through 0.45-,um-pore-size filters (Oxoid Ltd.). The filters were washed once with 5 ml of minimal medium with chloramphenicol, dried, placed in 5 ml of scintillation fluid (2) , and counted at 80% efficiency in an Intertechnique scintillation counter. 'MS', Resistance to L-methionine-DL-sulfoximine at 50 ,g ml-'.
lysates (108 phage) were then added to 50-ml log-phase cultures of the same recipients, and the phage were repropagated (16 to those on L-methionine at 20 ,ug ml-' (Fig. 1) .
The effect of various metP and glnP mutations on the ability of metE205 to grow on methionine sulfoxide was determined (Table 2) . HU439, the control strain carrying the metE205 mutation, grew well on D-methionine, L-methionine, methionine sulfoxide, and vitamin B12, as expected. All of the metP-containing strains, with the exception of HU435 (metE205 metPl 709 glnP257) and HU438 (metE205 metPI 712 glnP260), failed completely to grow on D-methionine. HU435 and HU438 showed only partial growth on D-methionine; the precise amount varied from test to test and was very dependent on the inoculum size. The tests on methionine sulfoxide showed that seven of the nine metE metP glnP strains failed to grow on this compound; only HU435 and HU438 gave positive results. Of the six strains containing only the metP mutation, all but one grew on methionine sulfoxide. HU430 (metE205 metP765) showed only a variable amount of poor growth on methionine sulfoxide; it was an unusual strain in that, for unknown reasons, it grew poorly on L-methionine and not at all on vitamin B12. Thus, its poor growth on methionine sulfoxide was probably due to the poor use of the methionine derived from methionine sulfoxide, rather than from a direct defect in the use of methionine sulfoxide.
Failure to grow on methionine sulfoxide requires metP and glnP mutations. The above results suggested three possible reasons for the failure of the metE metP glnP strains to grow on methionine sulfoxide: (i) methionine sulfoxide behaved as an analog of both methionine and glutamine and thus entered the bacterium via the metP+ and glnP+ transport systems; (ii) methionine sulfoxide entered only via the glnP+ system; and (iii) methionine sulfoxide entered via the metP+ system, but only those metP mutations in the metP glnP strains abolished uptake of this compound. If methionine sulfoxide were transported by both the metP+ and glnP+ systems at a rate sufficient to sustain growth, then it should be possible to restore the ability of the metE metP glnP strains to grow on methionine sulfoxide by transducing the metP orglnP mutations out ofthe strains. Strain HU468 (metE205 metP767 glnP252) was transduced with donor phage grown on (Table 3) . Of the three strains growing on methionine sulfoxide, i.e., HU471, HU470, and HU469, only HU469 was inhibited by L-glutamine at 100 ug ml-'. In HU471 and HU470, methionine sulfoxide could enter via the metP+ system. Glutamine was also shown to inhibit the growth of those strains ( The results in Table 3 were confirmed by tests in liquid minimal medium (data not shown). HU471, HU470, HU469, and HU468 all grew on L-methionine with a doubling time of 39 to 46 min; all strains except HU468 grew on methionine sulfoxide with similar doubling times and final growth yields. Glutamine at 100 ,ug ml-' completely inhibited the growth of HU469, but not of HU470 or HU471. With methionine sulfoxide reduced to 5 ug ml-' and L-glutamine at 5 mg ml-', the growth of HU470 and HU471 was partially inhibited.
Genetic analysis of strains unable to grow on methionine sulfoxide. Phage propagated on strains HU471, HU470, HU469, and HU468 were used to transduce the recipient strain HU424 (metE205 metP767glnP252 ara-9 galK50) on methionine sulfoxide (Table 4) . Donor phage HU471 generated transductants of two genotypes, metP+ glnP252 and metP767 glnP+. HU470 generated only metP+ glnP252 transductants, and HU469 produced only metP767 glnP+ transductants. Donor phage HU468 was not able to produce transductants of either class, although, simnilarly to phages HU471, HU470, and HU469, it was able to transduce the ara mutation in HU424. No double metP+ glnP+ transductants would be expected from phage HU471, since the metP and glnP genes are thought to be several map units apart (15) . This analysis further confirmed that restoration of activity of either the metP or glnP transport system was sufficient to allow growth on methionine sulfoxide. (Table 5 ). The activity in HU470 (which lacked the glnP+ system) was about 83% of that in HU471, whereas the activity in HU469 (which lacked the metP+ system) was about 4% of that in HU471; thus, the major route of entry was deduced to be through the metP+ system. HU468 showed almost no activity, thus giving direct evidence for the idea previously suggested that methionine sulfoxide is transported by both the metP and glnP systems. The effect of a 100-fold excess of unlabeled methionine on methionine sulfoxide transport confirmed these conclusions. Thus, the transport in HU471 was reduced to about 1%, that in HU470 was virtually abolished, and the low level of activity in HU469 (due to the glnP+ system) was hardly affected. A 100-fold excess of L-glutamine reduced thme transport in HU471 to 37% of the control value. Interestingly, glutamine also inhibited the transport in HU470 to about the same degree as in HU471.
A 1,000-fold excess of glutamine reduced sulfoxide transport in HU470 even further, to about 7%. It should be noted that the concentration of methionine sulfoxide in this assay was 0.7 ,uM compared with 120 ,uM (20 jig ml-') in the growth medium. Since the apparent Km of methionine eThe two classes were identified by streaking 100 transductants from each cross performed on L-methionine sulfoxide to a fresh L-methionine sulfoxide plate. They were then restreaked on D-methionine or L-methionine sulfoxide plus glutamine; metP+ glnP252 transductants grew on both media, and metP767 ginP+ transductants failed to grow on both media (as in Table 3 ). (Additional plates of L-methionine sulfoxide involving phage HU469 were prepared to obtain 100 transductants.) (3) . Of nine metE metP glnP mutants tested in Table   2 , seven failed to grow on methionine sulfoxide. Two strains, HU435 (metE205 metPl 709 glnP257) and HU438 (metE205 .metP1 712 glnP260), which did grow on methionine sulfoxide, also grew at a reduced rate on D-methionine. This suggested that the activity of the metP system in these strains was only reduced, rather than completely abolished. Previous results had indicated that metP1709 resulted in only a partial loss of methionine transport activity, whereas metPl 712 resulted in a complete loss of methionine transport activity (2) . However, HU435 and HU438 have been reexamined for methionine transport and have been shown to possess about 16 and 40%, respectively, of the activity in the wild-type strain (unpublished data). Thus, there is no discrepancy between methionine transport activity and growth characteristics in these strains, although it is not known why the effect of metPl 712 is now much less severe.
The inhibition by glutamine of the growth on methionine sulfoide of strains of the general genotype metE metP glnP+ was entirely consistent with the idea of a dual route of entry for methionine sulfoxide, because such strains depend on the activity of the glnP+ system for growth. That the inhibition was at the level of entry into the cell was directly confirmed by assays of transport activity. Thus, transport in HU469 (metE205 metP767 glnP+) was completely abolished by glutamine, but not affected by methionine. The inhibition by glutamine of methionine sulfoxide transport by the metPt system in strain HU470 raised the possibility that this system, or a component of this system, might function in the transport of glutamine. A similar suggestion has previously been made from studies on the inhibition by glutamine of D-methionine transport by the metP+ system (J. Poland and P. D. Ayling, Heredity 45:147,1980) . If this suggestion were true, then glutamine should inhibit the growth of HU471 and HU470. This was indeed found to be the case, although even a 1,000-fold excess of glutamine resulted in only a partial inhibition of growth, whereas the growth of HU469 was completely inhibited by only a 5-fold excess of glutamine. It is not clear from the present results why glutamine is such a weak inhibitor of the growth of HU471 and HU470 on methionine sulfoxide.
The transport results also showed that methionine completely inhibited that fraction of methionine sulfoxide transport brought about by the metP+ system; this was most clearly seen in HU470 (metE205 metP+ glnP252). However, previous results indicated that methionine sulfoxide is only a weak inhibitor of methionine transport (1). Indeed, this observation was used to argue that methionine sulfoxide is not transported by the metP system (1). The present work showed that this lack of inhibition could not be used as evidence for lack of transport of methionine sulfoxide by the metP+ system. The lack of inhibition could be explained if there were two components to the metP+ system, which worked in parallel and passed the substrate on to a third component. This suggestion was made previously for the metD+ high-affinity methionine transport system in E. coli to account for the fact that, although D-methionine is a very weak inhibitor of L-methionine uptake, both isomers are transported by the metD system (13) . To explain the present observations in S. typhimurium, one of the components working in parallel would recognize only L-methionine, whereas the other component would recognize L-methionine, D-methionine, L-methionine-DLsulfoxide, and L-glutamine. The weak inhibition could also be explained if there were large differences in Km between methionine and methionine sulfoxide. Further work is required to distinguish between these two possibilities.
Although it is now clear how methionine sulfoxide is transported into S. typhimurium, there are no reports of mutants lacking the ability to reduce either free methionine sulfoxide or methionine sulfoxide in proteins to methionine. A similar enzyme which reduces biotin sulfoxide has been described in E. coli (7) . Mutants lacking the specific reductase carried mutations in four genes, suggesting that the enzyme is rather complex. Interestingly, these mutants are unimpaired in their ability to use methionine sulfoxide as a methionine source (7) . It would be of interest to see whether the reductase acting on free methionine sulfoxide is also a complex enzyme and to determine its biological role.
